An Anaerobic Membrane Bioreactor (AnMBR) pilot plant was studied to improve certain operational conditions of AnMBRs that treat high oil and grease wastewaters discharged from a snacks factory. A comparison of its performance and behavior was made with an upflow anaerobic reactor throughout the first eight weeks of its operation. Raw snack food wastewater was characterized by oil and grease concentrations of up to 6,000 mg/l, with chemical oxygen demand (COD) and biological oxygen demand (BOD 5 ) concentrations of up to 22,000 and 10,300 mg/l, respectively. The AnMBR achieved COD removal efficiencies of 97% at an organic loading rate (OLR) of 5.1 kg COD/m 3 d. The filtration flux, and the suction, backwash and relaxation times for each cycle were all varied: an 11 min filtration time involving 10 s pre-relaxation, 20 s backwash and 70 s post-relaxation was finally selected. The filtration flux for long-term operation was between 6.5 and 8.0 l/m 2 h. The study also tested physical cleaning strategies such as intensive backwashing cycles and extended relaxation mode, and different chemical cleaning methods, such as chemically enhanced backwash on air and chemical cleaning by immersion. Extended backwash t bw /t f : 75 s/3 min J f ¼ 7.0 l/m 2 h t r ¼ 15 s J bw ¼ 15.8 l/m 2 h Extended relaxation t er : 2, 5, 20, 45, 90 min J f ¼ 6.4 l/m 2 h t f ¼ 11 min J bw ¼ 15.7 l/m 2 h t bw ¼ 20 s In situ on air 3-5 l/m 2 of 500 ppm NaClO J bw ¼ 3.7 l/m 2 h t bw (s)/t r (min) ¼ 20/12, 40/6 Ex situ submerged 20 l/m 2 of 500 ppm NaClO J f ¼ 4.6 l/m 2 h t f ¼ 11 min J bw ¼ 8.5 l/m 2 h; t bw ¼ 55 s (full recirculation mode) ter: extended relaxation time.
INTRODUCTION
The Anaerobic Membrane Bioreactor (AnMBR) combines anaerobic digestion and direct solid-liquid separation by membrane filtration. Biomass retention is achieved by filtration using microfiltration (MF) or ultrafiltration (UF) membrane technology. AnMBRs offer several advantages in comparison with conventional anaerobic reactors, among which high biodegradation efficiency of slowly biodegradable organic matter, good effluent quality, and low sludge production. The process remains unaffected by sludge granulation or degasification, because the separation is not gravity dependent. Thus, the AnMBR has a particular advantage in the treatment of some types of industrial wastewaters when granulation processes were poor causing separation problems in conventional anaerobic reactors. Certain studies have associated problems of sludge flotation or unsuccessful granulation with treatment failure in UASB-type reactors treating industrial wastewater with high lipid contents (Del Nery et al. ; Jeganathan et al. ; Alves et al. ) .
Oil and grease are usually removed in physicochemical pre-treatment stages and the sludge separated can be supplied to solid waste digesters to produce methane. When a proper use of the sludge is not feasible the removal of these materials should be reconsidered because of their high methanogenic potential (Alves et al. ; Martín-González et al. ) . It has been reported that long-chain fatty acids (LCFA) formed by lipid hydrolysis exert an acute toxic effect, even a bactericidal effect on methanogenic microorganisms (Chen et al. ) . According to Rinzema et al. () , the LCFA toxicity mechanism appears to be related to the adsorption onto the cell wall of surface active acids, which affects their transport and/or protective functions. Moreover, they report that low chemical oxygen demand (COD) removal efficiency, flotation and washout are important problems, associated with the adsorption of LCFA in anaerobic sludge, which affects substrate mass transfer and biogas release.
Different studies have confirmed that LCFA accumulation in the biomass is the most important cause of longterm operational problems that are associated with oil and grease wastewater (Alves et al. ; Pereira et al. ) . According to these studies, lower removal efficiency rates are due to limitations in the transport of substrate to the biomass and not to bactericidal effects; consequently, the anaerobic treatment of oily wastewater may be performed using sequential accumulation and degradation steps (Pereira et al. ) .
As in the aerobic MBR, the most serious problem in an AnMBR is membrane fouling that affects system performance and economic viability (Jeison et al. ) . Thus, the presence of greases represents an additional difficulty that should be considered. The filtration flux and the duration of each stage in the cyclesuction, backwash and relaxation stepsdetermine the fouling rate, the specific cake resistance and the physical cleaning efficiency. Then, the filtration flux and the filtration cycle control the degree to which fouling may be cleaned by backwashing and scouring and, in consequence, the frequency of chemical cleaning. Finally, an appropriate chemical cleaning protocol to maintain membrane performance should minimize chemical costs, labor input and plant downtime.
The goal of this study was to improve certain operational conditions for membrane fouling control of an AnMBR treating high oil and grease wastewater from a snacks factory. Raw snacks wastewater was fed into an AnMBR pilot plant equipped with a submerged hollow fiber module. Physical cleaning strategies such as extended backwash cycle or extended relaxation mode were assayed. Two different chemical cleaning methods were tested: on-air chemically enhanced backwashing (CEB) and intensive ex situ cleaning by immersion in the cleaning solution.
MATERIALS AND METHODS

Experimental setup
An AnMBR pilot plant was installed at the Pepsico Iberia plant in Burgos (Spain) and fed with raw wastewater from the snacks production area. The pre-screened wastewater entered the upflow anaerobic reactor that has a working volume of 0.76 m 3 , and the sludge from the upper part was pumped into a membrane tank that has a working volume of 0.18 m 3 , for effluent separation and biomass recirculation. A hollow fibers membrane module Micronet R ® (Porous Fibers, Spain) was installed in the membrane tank. The membrane was made of hydrophilic PVDF with a total surface area of 2 m 2 and a normalized pore size of 0.4 μm. A Secoh SV50 (Kantauri) compressor ensured continuous recirculation of the biogas at 2 m 3 /h (17.6 m/h) for membrane scouring. Biogas production was measured with an electromechanical gas-meter device. An electrical heating tank maintained the temperature at 35-36 W C. Two Watson Marlow 520 peristaltic pumps (Watson Marlow Bredel) were used for filtration and backwashing, and a logic module ZEN 20C (Omron) was employed to program different cycles of the operation (Figure 1 ). The AnMBR was inoculated with 0.300 m 3 of anaerobic sludge (28 g VS/l) taken from the anaerobic digester of the urban wastewater treatment plant in the city of Burgos (Spain). Sludge concentrations of between 7.9 and 10.4 g/l were found in the membrane tank.
Wastewater characteristics
The AnMBR was fed with raw wastewater from snacks production after coarse screening, without any other pretreatment. The snacks factory wastewater is characterized by oil and grease concentrations of between 4,400 and 6,000 mg/l, and COD and biological oxygen demand (BOD 5 ) concentrations of 8,200-22,000 mg/l and 4,900-10,300 mg/l, respectively, and a low nutrient content, total Kjeldahl nitrogen (TKN): 75-380 mg/l and PO 4 3À -P: 56-160 mg/l.
Analytical methods and data collection
COD, BOD 5 , total solids (TS), volatile solids (VS), total suspended solids (TSS), volatile suspended solids (VSS), TKN and oil and grease were analyzed according to Standard Methods for the Examination of Water and Wastewater (APHA ). PO 4 3À and S 2À were determined using test kits (Hach-Lange) and total sulfur content was determined by elemental analysis (Thermo EuroGlas TN/TS 3000). Temperature and pH in the bioreactor were measured using a Pt100 and a TPH-3659/TPH (Desin Instruments) pH-meter. The filtration pressure was determined using a PN2069 (IFM Electronics) electronic sensors with ceramic measuring cells and filtration, backwashing and recirculation flow rate were determined by means of a SM6000 (IFM Electronics) magnetic-inductive sensor. The analogue signals has been processed on-line through the DAS-8000 (Desin Instruments) data acquisition board and recorded by a PC.
Filtration optimization
Filtration, backwash and relaxation duration were varied (Table 1) . Unlike short-term flux-steps experiments performed in the conventional critical flux measurement, the operating conditions were tested in this work through medium-term assays, of between eight and 25 cycles per operational condition. All the tests were carried out with a 2 m 3 /m 2 scouring flux; a parameter that will have to be optimized in subsequent tests.
Cleaning assays
In order to operate for long periods without chemical cleaning, physical cleaning strategies such as extended backwashing cycles, t bw /t f ¼ 75/3 (s/min), and extended relaxation cycles, t er of between 2 and 90 min, were assayed. Finally, two different chemical cleaning methods were tested: in situ CEB on air and ex situ chemical cleaning by immersion. Table 2 summarizes the volume and the concentrations of cleaning solution, their duration and the backwashing conditions.
RESULTS AND DISCUSSION
AnMBR vs. upflow anaerobic reactor
After inoculation with flocculent sludge, the upflow anaerobic tank of the AnMBR pilot plant was operated as an 
Values
Operating conditions upflow anaerobic reactor. The biogas collector performed as a phase separator and the clarified effluent was removed from the surface water over the biogas collector by means of a peristaltic pump. Throughout the first seven weeks, the only difference between the membrane effluent and the clarified effluent was the suspended solids. The permeate was suspended solids free, with a soluble COD between 110-250 mg/l, while the VSS of the clarified effluent from the upflow anaerobic reactor reached values of between 250 and 1,140 mg/l, and a total COD of up to 1,680 mg/l (88% removal efficiency). However, in the eighth week of operation, the physical characteristics of the sludge changed and thereafter biomass separation by settling was no longer possible. The VSS concentration in the upflow anaerobic effluent reached 11,400 mg/l with an oil and grease content of 1.2 g/l, and its operation as a single upflow anaerobic system was interrupted.
Biological behavior of the AnMBR
At an organic loading rate (OLR) of 5.1 kg COD/m 3 d, removal efficiencies of 100% for oil and grease and 97% in COD were achieved. In spite of the high COD removal efficiency, the effluent COD was still high, between 180 and 300 mg/l, and it contained sulfide. This means that although the AnMBR permeate is SS-free, up to 56 mg/l of suspended solids were found in the permeate vessel, which limited the effectiveness of the backwashing. A secondary vessel (not represented in Figure 1 ) was placed in series to measure biomass growth in the effluent and to reduce the aeration of the permeated vessel. The accumulation of solid content in the secondary permeate vessel was 400 mg VSS/l after two weeks, with a sulfur content of 2.5%, showing both biological growth and sulfide oxidation.
Filtration and physical cleaning optimization
Filtration time, t f Figure 2 shows the extent to which membrane flux (J ) decreases and trans-Membrane Pressure (TMP) increases as filtration time increases. Filtration resistance increases from 18.6 × 10 12 m À1 for a filtration time of 9 min to as much as 26.1 × 10 12 m À1 for 24 min. A filtration time of 11 min was selected, because of the decrease in the net flow for shorter filtration times.
Filtration flux, J Four assays were performed at different suction speeds to determine the optimum filtration flux. Each filtration flow was maintained over 24 h. Table 3 shows the filtration flow, the TMP and the fouling rate (dTMP/dt) at each speed of the suction pump. A filtration capacity limit of only 8.74 l/m 2 h was observed. Pump yields decreased quickly for filtration flux over 8.02 l/m 2 h, so much so that a suction increase of 17% (between 37.5 and 45.0 rpm) only produced a 9% increase in filtration flux, accompanied by a sharp increase in TMP pressure from 198 to 379 mbar.
The most significant behavior was the fouling rate. For filtration flux lower than 8.0 l/m 2 h, the daily rise in TMP was lower than 26.5 mbar, while fouling rates of over 160 mbar/d were observed for a filtration flux over 8.7 l/m 2 h. Thus, a J of 8 l/m 2 h (37.5 rpm) was selected, that held filtration flux at between 6.5 and 8.0 l/m 2 h for long-term operation. This flux is comparable with data found in the literature. In the treatment of synthetic wastewaters, Hu & Stuckey () reported 8 l/m 2 h at a stable TMP of 0.3 bar in a laboratory-scale AnMBR equipped with flat sheet membranes, and a J of 5 l/m 2 h and a TMP of 0.4 bar, when employed hollow fiber membranes.
Backwash time, t bw
Backwash time had little influence on reversible fouling. Backwash duration of between 10 and 55 s (Table 1) were assayed, by performing 12 cycles for each t bw with a filtration time of 11 min. No improvement was noticed for t bw over 20 s; nevertheless, the net flux decrease was significant. An increase from 20 to 35 s resulted in a drop of permeate recovery from 94.2 to 89.4%, which implies that a shorter backwash time is preferable to improve filtration efficiency.
Extended backwash, t ebw
In order to avoid frequent chemical cleaning, extended backwash cycles were assayed. To obtain the necessary permeate from the backwashing process, 3 min of filtration were employed for every 75 s of backwash, which resulted in a permeate recovery rate of 6.2%. The length of the assay was 72 h. This strategy was completely inefficient, it had the opposite of the desired effect because of the aerobic growth of biomass in the permeate vessel, mentioned in the subsection on the biological behavior of the AnMBR. The longer the backwash, the greater the air input in the permeate vessel; a problem which was not completely solved by the installation of a secondary permeate vessel in series.
Relaxation
The relaxation was done twice per cycle: just after the filtration (pre-relaxation), and following the backwash (postrelaxation). Relaxation time varied between 20 and 160 s. Post-relaxation proved to be more efficient for membrane cleaning, such that the pre-relaxation was purely a mechanical function to avoid sudden TMP changes, which only required around 10 s. It was observed that the resistance behavior following post-relaxation remained unchanged for relaxation times of over 70 s.
Extended relaxation, t er
An extended relaxation was assayed for the purpose of prolonging the filtration period before chemical cleaning. The efficiency of the extended relaxation in the presence of similar levels of cake resistance was different when the fouling was fresh, following an operational failure, and when the fouling was consolidated after a prolonged operational period. The extended relaxation permitted the recovery of membrane permeability after operational problems such as suction cycles with the uncovered membrane due to a level control failure. Permeability recover was 47% with an extended relaxation cycle (11 min filtration, 20 s backwash, 5 min relaxation) of over 8 h. However, the extended relaxation strategy was of little use in removing consolidated fouling. Extra relaxation of 20 min relaxation cycles over 44 h periods hardly reduced the filtration resistance at all.
Chemical cleaning assays
Two chemical cleaning methods were tested as intensive cleaning: on-air chemical cleaning and submerged out-ofplace chemical cleaning. On-air CEB was employed as a maintenance method (Cornel and Krause ); however the aim of this work is to intensify on-air CEB as an alternative to intensive ex situ cleaning.
The advantages of chemical cleaning on air over the more conventional submerged chemical cleaning are as follows: (a) on-air CEB may be performed in situ, in the partially drained membrane tank, which shortens maintenance down-time required in intensive cleaning to drain the whole tank, fill it with the cleaning solution and drain it out again; and (b) the required volume for the CEB is significantly lower than for the submerged cleaning. Table 4 shows the results obtained in the successive cleaning process by the two chemical cleaning methods. The volume of 500 ppm NaClO solution employed in this work for on-air CEB was 5 l/m 2 , with a fouling resistance removal rate of 74%, as opposed to the amount of 20 l/m 2 employed in the submerged chemical cleaning.
CONCLUSIONS
This study has shown that the submerged AnMBR is an appropriate system for the treatment of wastewater with high grease and oil concentrations. It has demonstrated removal efficiencies of 97% in COD and 100% in oil and grease for OLR of 5.1 kg COD/m 3 d, without any biomass separation problems or toxic effects. The optimum settings were an 11 min filtration cycle, 10 s pre-relaxation, 20 s backwash and 70 s post-relaxation. A filtration flux of 8 l/m 2 h entailed a fouling rate of 26.5 mbar/day. The advisability of extended relaxation to eliminate reversible fouling was tested, reaching a global permeability recovery of 47% in 8 h.
With regard to chemical cleaning assays, the chemically enhanced backwash on air led to a 74% decrease in fouling resistance. Further research is needed to improve filtration flux and in situ cleaning methods and to regulate the intervals between intensive chemical cleaning processes. Volume (l/m 2 ) 5 2 0
Contact time (h) 3.5 1 a By rinsing with tap water; b In relation to overall resistance; c In relation to fouling resistance.
